Temporal activity patterns of microchiropteran bats were assessed at 4 scales (hourly, nightly, monthly, and yearly) in the Top End of the Northern Territory, Australia, in relation to biotic (insect availability) and abiotic features in the environment. At the hourly scale we found activity declined throughout the night and was most closely associated with temperature. At the nightly scale we found associations between bat activity, moonlight, and temperature as well as a complex association with both moon phase and time of night. At the monthly scale we found bat activity increased dramatically in October and provide evidence that this was triggered by a combination of changing climatic factors that occur at this time of year in the Southern Hemisphere tropics. At the yearly scale, no overall difference was found in bat activity between years (n ¼ 4) and no associations were found with climatic variables. At all temporal scales we found no significant associations or differences in species richness and only weak or no associations with insect availability. There also was a high degree of variation in bat activity across all temporal scales that have significant implications for surveying and monitoring microbats.
Understanding the spatial ecology of bats has been an important step to ensure effective conservation and management of this diverse and widespread mammalian group. Spatial information is available at species (distribution and abundance), landscape (location of key resources such as feeding, roosting, and maternity sites), and local (home-range size and habitat associations) scales (e.g., Aguirre et al. 2003; Law et al. 1999; Law and Dickman 1998; Milne et al., in press; Russ and Montgomery 2002) . However, most research has not taken into account temporal variations associated with spatial data sets. Temporal variation is driven by both regular (seasonal and lunar cycles) and unpredictable (rainfall and disturbance regimes) factors that influence weather, availability of resources, or habitat condition. As a consequence, the suitability of environments as habitat for bats varies on a temporal scale. In addition, the effects of temporal variation will differ across bat species and assemblages as well as between habitats and regions. Therefore, researchers must have a clear understanding of the consequences of temporal variation when carrying out ecological studies on bats to ensure effective interpretation of results and the success of subsequent management and conservation outcomes.
Ultrasonic echolocation recording is a relatively new and effective method to detect and survey bats. Although use of this method is capable of generating large data sets that are ideal for statistical analysis, large variations in the data also can arise. Numerous studies have identified sources of variation associated with echolocation recordings that should be managed in order to reduce such variation (e.g., detector orientation and surrounding habitat structure [Weller and Zabel 2002] , recording media [Milne et al. 2004] , differences in sensitivities between multiple detectors [Larson and Hayes 2000] , and interobserver variation in call identification). However, variations associated with temporal factors often are unrecognized and may be more difficult to control or account for.
Here we report the results of a study that used ultrasonic detectors and conventional trapping techniques to examine temporal patterns of microchiropteran bats (microbats) in the wet-dry tropics of the Northern Territory, Australia. Specific aims of the study were to assess bat detectability at 4 temporal scales (hourly, nightly, monthly, and yearly); to examine variations in bat activity and species compositions at different temporal scales; to explore the relationship between variation in bat activity, composition, or both and several predictor variables including climate, insect availability, and lunar influences; and, finally, to examine the implications of our results for microbat survey and management within the study region. Our study is the 1st temporal assessment of a regional microbat fauna, taking into account both biotic and abiotic features of the environment, to be conducted at 4 temporal scales.
MATERIALS AND METHODS
Bat calls were recorded with AnaBat detectors (Titley Electronics, Ballina, Australia) and supplemented, where appropriate, with capture records made with harp traps, mist nets, and shot sampling. Animal sampling procedures were approved by the Northern Territory Animal Ethics Committee and were in accordance with guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998). AnaBat call sequences (call passes) were identified according to Milne (2002) by 1 observer (DJM) to avoid interobserver bias. To assess temporal variation at a range of scales, bats were sampled at 4 temporal scales: continuously for 2 nights at several sites (hourly); continuously for 3 lunar cycles at 2 sites (nightly); for 2 nights at 2 sites every month over an entire year (monthly); and for 2 nights at 4 sites each October for 4 years (yearly). Further details for each timescale are provided below. Some sites were used to assess more than 1 temporal scale.
Hourly sampling.-Sampling was conducted at 49 sites for either 1 (23 sites) or 2 consecutive (26 sites) nights (total of 75 sample nights) between September 2000 and June 2003. Sites were located across the wet-dry tropics of the Northern Territory, Australia, north of 188S (the Top End). A description of this area is provided by Milne et al. (in press ). Bats were recorded by using either static analogue or digital recording methods (i.e., AnaBat detectors connected to either a tape recorder or laptop computer- Milne et al. 2004) or with AnaBat II bat detectors connected to AnaBat CF Storage Zcaims. Recordings were made continuously throughout the night at each site.
Nightly sampling.-Bats were recorded at 2 sites by using AnaBat II bat detectors connected to AnaBat CF Storage Zcaims. Detectors were mounted 1.4 m above the ground and elevated to approximately 308 above horizontal. Site 1 was located approximately 22 km east of Darwin, Northern Territory (128289S, 1318049E) on a low ridge in woodland dominated by species of Eucalyptus. Bats were recorded continuously from 10 August to 24 October 2002 (3 complete lunar cycles), except for 2 nights (10-11 September) when recording failed (total of 74 detector nights with recording). Site 2 was located approximately 36 km southeast of Darwin (128389S, 1318069E) adjacent to an annual creekline in shrubby woodland dominated by Melaleuca. Bats were recorded continuously from 19 September to 22 October 2002 (1 complete lunar cycle), except for 5 nights (10-14 October) when recording failed (total of 29 detector nights with recording). Both sites were located on the margin of low-density rural housing. Detectors were positioned within a clearing (;1 ha) and pointed toward areas of undisturbed vegetation approximately 10 m distant. No rainfall was recorded during either sampling period.
Data for temperature, relative humidity, barometric air pressure, and cloud cover, recorded every 3 h at Darwin Airport, were obtained from the Australian Commonwealth Bureau of Meteorology (in litt.). Details for moon phase, moonrise, moonset, sunrise, and sunset were obtained from Geoscience Australia (http://www.ga.gov.au/nmd/ geodesy/astro/). Data for flying nocturnal insects were collected at the same times and locations that bats were recorded at the hourly sampling sites. Insects were collected on 1 of the 2 sampling nights by using the methods described in Milne et al. (in press) and ambient temperate at 2200 h also was recorded at each site by using a digital thermometer (TempTec, Australian Geographic, Terry Hills, New South Wales, Australia).
Monthly sampling.-Sampling was conducted at 2 sites (4 km apart) in tall Eucalyptus woodland within the Howard Springs Hunting Reserve, approximately 30 km east of Darwin (128239S, 1318099E). One site was located on a low ridge line, the other in an open drainage depression. Sites were sampled concurrently for 2 nights every month (midmonth) for 1 year from December 2001 to November 2002 (total 46 sample nights). In 1 month (January) both sites were sampled for 1 night only because of monsoonal rain. AnaBat II detectors were positioned in the same location and pointed in the same direction each time. Calls were recorded by using static digital methods (see Milne et al. 2004) .
At both sites, an ultraviolet light trap (Australian Entomological Supplies, Bangalow, Australia) was used to attract insects for sampling. The light trap was positioned approximately 100 m from the AnaBat detector so as not to disturb bats from natural flight habits in the vicinity of the detector. The light trap was elevated approximately 1.4 m above the ground and located in the same position each time. Both sites were sampled for insects for 1 night (on alternate nights) every month from April to November 2002. For the purposes of both the monthly and hourly assessment, flying nocturnal insects were collected from the light trap every hour after dusk for the entire night (16 sample nights, 176 samples). Ambient temperature was recorded by using a digital thermometer (described previously) at the end of every hour when insects were collected.
Yearly sampling.-Sampling was conducted at 4 sites for 2 successive nights in October for 4 years between 2000 and 2003 (16 samples) . Sites were located in coastal monsoon rainforests and mangroves near Darwin (128189S, 1318019E and 128339S, 1308529E), and a low open woodland (138579S, 1318449E) and sandstone gorge (138589S, 1318429E) within the Umbrawarra Gorge Nature Reserve, 195 km south of Darwin. We recorded bats at each site by using handheld and static (analogue or digital) AnaBat II detectors (see Milne et al. 2004 ). Handheld detectors were used for 3 h after dusk and static detectors were used for 6 h after dusk. Detectors were positioned in the same location and pointed in the same direction during each sampling period. In addition, we trapped bats with mist nets for 1 night and with harp traps for 2 consecutive nights by using 2 (2000) or 3 (2001) (2002) (2003) harp traps. Insects were collected and temperature was recorded by using the same methods described in the nightly methods. Sampling was conducted only on nights unaffected by rainfall.
Analysis
Nonparametric tests were used throughout because all data sets were significantly nonnormal (Shapiro-Wilk W-test).
Hourly sampling.-For all sample sites combined, we calculated the mean number of call passes recorded each hour starting from civil sunset (refer to Geoscience Australia, http://www.ga.gov.au/nmd/ geodesy/astro/). For each species, bat foraging guild (i.e., the type of habitat where a species will generally forage, including cluttered, uncluttered, or background clutter [Milne et al. 2004; Schnitzler and Kalko 1998 ]), and for all call passes combined, we assessed if activity was evenly distributed throughout the night by using the Kolmogorov-Smirnov 2-sample test. All call data also were graphed and examined visually. We also tested the association between the number of call passes in each hour and insect availability (i.e., the total number of insects sampled) and temperature by using the Spearman rank correlation coefficient.
Nightly sampling.-The AnaBat CF Zcaim records the time of each call pass. To examine the relationship between bat activity and moonlight, all recorded call passes were classified as occurring at either light (bright illumination from moonlight) or dark (little or no illumination from moonlight) periods by only considering call passes recorded between evening and morning nautical twilight when ''it is dark for normal practical purposes'' (Geoscience Australia, http:// www.ga.gov.au/nmd/geodesy/astro/). We defined dark as the time before moonrise and after moonset or when less than one-fourth of the moon's visible surface was illuminated. We defined light as the time after moonrise and before moonset when more than one-half of the moon's visible surface was illuminated. All call passes not meeting either of these criteria were excluded from the analysis. To take into account periods when moonlight may have been affected by cloud cover, we obtained detailed 3-h cloud observation data from the Bureau of Meteorology for the sampling period.
The following measures of cloud data were used to determine if clouds may have obscured moonlight (refer to Bureau of Meteorology 1984): cloud level (high, middle, and low), the amount of sky covered by cloud in eighths (ranging from 0 [no cloud] up to 8 [100% cloud cover]), and cloud type. On the advice of Bureau of Meteorology staff (R. Lawry, pers. comm.), we determined moonlight would not be affected if for all cloud levels, cloud amount ¼ 0 or 1; or for high cloud present only and cloud amount .1, cloud type ¼ 1, 7, or 8. If the cloud data did not meet these conditions during time periods defined as light, then call passes were excluded from the analysis for a period of 3 h before and after the time of the cloud observation (the time period between cloud observations). Taking the 6-h period of exclusion into account, we assumed cloud conditions at Darwin airport were the same as those at the sampling sites (22 km and 36 km away).
We then used chi-square analysis to test the association between bat activity and moonlight. Observed values were the total number of light and dark call passes recorded in each of eleven 1-h intervals throughout the night. To derive expected values we calculated the proportion of each hourly interval that was light or dark during the total period of sampling and multiplied the total number of call passes in each hourly interval by this proportion.
Bat activity and species richness were assessed against 3 moonphase categories: full moon (greater than three-fourths illuminated), quarter moon (between one-fourth and three-fourths illuminated), and new moon (less than one-fourth illuminated). Activity was derived from the total number of call passes recorded for 1 entire night from each of the samples used for the hourly assessment of bats. At sites where sampling was conducted over 2 nights, 1 sampling night was randomly chosen. Species richness was obtained from AnaBat recordings that could be identified to the level of species and from capture data. A total of 44 sample nights was used. Dates for moon phase were obtained from Geoscience Australia (http://www.ga.gov. au/nmd/geodesy/astro/). The significance of the difference between moon phases for activity and species richness was tested by using Kruskal-Wallis analysis of variance (ANOVA).
Nightly weather observations of temperature, humidity, and air pressure were recorded at 2100, 0000, and 0300 h and the total number of call passes was calculated for each corresponding 3-h period (1.5 h either side of weather observations). The relationships among the number of call passes and each weather variable, as well as moon phase, were tested by using generalized linear modeling (GLMCrawley 1993) . A Poisson error distribution and log-link function were used and a backward stepwise procedure was adopted to generate the minimum adequate model.
The associations among insect availability, temperature, total bat activity, activity of each foraging guild (see Milne et al. 2004) , and bat species richness were tested by using the Spearman rank correlation coefficient. Bat activity was derived from the total number of call passes recorded throughout 1 entire night. For bat activity and foraging guilds, only those sites where analogue recordings were made (n ¼ 21) were used because the number of call passes recorded when using analogue and digital methods can differ significantly (Johnson et al. 2002; Milne et al. 2004) . Insect sampling and AnaBat recording were conducted concurrently. Species richness was derived from both AnaBat recordings and capture records. AnaBat calls for several species in the Top End cannot be reliably separated (e.g., Miniopterus schreibersi and Pipistrellus westralis -Milne 2002) , and in these cases, species were only included if identified through physical trapping techniques. Bat species inventories were derived from 2 consecutive sampling nights, whereas insect sampling was conducted on 1 of those 2 nights.
Monthly sampling.-For each sampling night at each site we derived several measures of bat activity, namely total number of call passes, number of call passes for each species, and number of call passes for 3 foraging guilds. For each sampling night, we derived mean values for temperature, humidity, and air pressure from the Bureau of Meteorology weather data (described previously) from the five 3-h observations between 1800 and 0600 h. GLM was used to assess the relationship between measures of bat activity and each of the weather variables and by using the same procedure described previously for moon phase and weather. Insects were not sampled for the entire year and therefore were not statistically analyzed, but the mean numbers of insects collected at both sample sites each month were graphed and visually compared with bat activity.
Yearly sampling.-Bat species richness and activity were analyzed for overall differences between years by using repeated-measures ANOVA controlling for differences between sites. Species richness was derived from AnaBat recordings and trapping data. Some species were only recorded if identified through physical capture techniques, as described previously. Bat activity for each sample was derived from the total number of call passes identified from the static and handheld AnaBat recorders. We used analogue static recorders in 2000 and digital recorders in 2001-2003. As described previously, analogue and digital AnaBat recordings cannot be directly compared. Therefore, we used data from the study by Milne et al. (2004) to calculate the mean percentage difference in the number of call passes derived from the 2 recording methods. This difference (42.9%) was added to the total number of call passes derived from analogue static recordings in 2000.
Associations between bat activity and insect activity were tested by using the Spearman rank correlation coefficient. Because of gross environmental differences between sites, we standardized all variables by expressing them as a percentage of the sum of the variable over 4 years.
RESULTS
From all sampling procedures combined, we identified a total of 24 microbat species, including Chaerephon jobensis, Chalinolobus gouldii, C. nigrogriseus, Hipposideros ater, H. diadema, H. stenotis, Macroderma gigas, Miniopterus schreibersi, Mormopterus beccarii, M. loriae, Myotis macropus, Nyctophilus arnhemensis, N. bifax, N. geoffroyi, N. walkeri, Pipistrellus adamsi, P. westralis, Rhinonicteris aurantius, Saccolaimus flaviventris, Scotorepens sp. (greyii, sanborni, or both), Taphozous georgianus, T. kapalgensis, Vespadelus caurinus, and V. finlaysoni. These species include representatives from all 3 foraging guilds (uncluttered, background clutter, and highly cluttered).
Hourly sampling.-For the 1st aspect of this study (bat activity only), 16,905 call passes were analyzed. The hourly distribution of activity was significantly nonuniform for all call passes, foraging guilds, and species (P , 0.05). For all call passes, activity was highest in the 1st hour after dusk and declined gradually throughout the night (Fig. 1A) . Most foraging guilds and species had either a slight peak in activity in the first 2 h after sunset or a relatively flat trend in activity throughout the night (Figs. 1B-1Q ). There were 2 notable exceptions: P. adamsi exhibited a peak of activity in hours 6 and 7 (between 0200 and 0400 h; Fig. 1K ) and S. flaviventris had high (although highly variable) activity in the first 5 h of the night and almost no activity thereafter (Fig. 1M) . Activities of N. walkeri and V. finlaysoni apparently were erratic throughout the night (Figs. 1J and 1Q ), although sample sizes were small (n ¼ 8 and 7, respectively).
For the 2nd aspect of this study (comparison of bat activity with insect availability and temperature), we recorded 2,726 call passes from our monthly sampling sites (April-November only) and sampled 28,424 insects. Bat activity, the total number of insects, and temperature all declined throughout the night, although bat activity increased slightly in the 2 h before dawn (Fig. 2) . Total bat activity was significantly correlated with temperature and insect availability and both temperature and insects also were correlated with activity of bat species in the uncluttered foraging guild as well as activity of M. loriae and S. flaviventris (Table 1) . Temperature and total number of insects were autocorrelated (r s ¼ 0.42, P , 0.001).
This result may be misleading because temperature is generally highest early in the night, which coincides with the time when most bats emerge from diurnal roosting sites. It is difficult to attribute causality to this relationship. Therefore, to further explore this aspect, we looked at the relationship between temperature and bat activity in 2 time periods: the first 2 h after dusk (when bats are most active) and the remainder of FIG. 1.-Mean number of call passes detected for each hour after civil twilight for A) all passes combined, B-D) foraging guilds, and E-Q) species or species groups in the Top End, Australia. Vertical lines are 95% confidence intervals; n is number of sample nights from which calls were identified. Only species that had .50 call passes are shown. the night. During field sampling for the monthly aspect of this study, we recorded temperature and bat activity for every hour throughout the night for 2 consecutive nights from April to November 2002 (16 sampling nights). We compared the activity of bats for each hour of the night with temperature, separately for the first 2 h after dark (n ¼ 28) and the subsequent 9 h of the night (n ¼ 144; Fig. 3 ). This analysis still demonstrated a positive relationship between temperature and bat activity during both time periods. Bat activity began to increase between 228C and 248C; however, a large proportion of samples showed little or no activity in this temperature range as well. Almost all samples displayed significantly elevated levels of activity above 258C, suggesting that bats are more active above this temperature threshold regardless of time of night. More samples of bat activity on particularly warm nights are required to confirm this observation.
Nightly sampling.-A combined total of 25,193 call passes was identified from both nightly sample sites. The total bat activity throughout the sample period as well as overall trends for air pressure, humidity, and temperature are presented in Fig. 4 . At both sites, no obvious trends were found in bat activity during the sampling period, and bat activity between nights also was highly variable, particularly at site 2. Only data from site 1 (8,615 call passes) were statistically analyzed because the sampling period for site 2 (29 nights) was considered inadequate for meaningful analysis.
At site 1, 8,615 call passes were used for the moonlight analysis, 9,089 call passes were used for the moon-phase and weather analysis, and 7,798 call passes (recorded during the hourly study) were used for the moon-phase analysis.
The total number of call passes recorded during dark periods of each sampling night was significantly higher than the total number of call passes recorded during light periods (Table 2) . For each hour of the night, 8 of the 11 hours between dusk and dawn recorded significantly higher bat activity during dark periods compared to light periods; hours 2 and 7 did not differ significantly between dark and light periods, whereas hour 10 (between 0500 and 0600 h) recorded significantly more call passes during light periods than dark periods.
No significant difference was found between moon phases with respect to total bat activity (H ¼ 0.384, P ¼ 0.825) or species richness (H ¼ 3.011, P ¼ 0.222).
The GLM analysis identified temperature (positive association), time (highest activity in the 3 h around 2100 h and lowest activity in the 3 h around 0000 h), and moon phase (reduced activity during the new moon) as the main predictors of bat activity. However, an interaction was found between time and moon phase so that during the full moon bat activity was highest and lowest around 0300 h and midnight, respectively; during the quarter moon, activity was higher around 2100 h than around 0000 and 0300 h; and activity was independent of time during the new moon (Fig. 5) .
No significant correlation occurred between insects or temperature and each of the 3 bat activity variables (species richness, total activity, and activity of each of the foraging guilds) for the nightly data.
Monthly sampling.-A total of 5,716 call passes was recorded over the 12 months. Total bat activity remained relatively static for most of the year but increased dramatically in October (Fig. 6A) . For foraging guilds, bat activity peaked in October for the uncluttered foraging guild, remained relatively static (but declined slightly in March-April) for the background clutter foraging guild, and was slightly higher in January for the highly cluttered foraging guild (Fig. 6B-6D) . However, the number of records in the latter guild was limited.
Models of bat activity with climatic variables were generally weak, with no more than 40% of the deviance captured in any of the models (Table 3) . Temperature and air pressure (positive associations) were identified as the major predictors for total bat activity. Of those models that captured .15% of the deviance, temperature and air pressure were identified as the major predictors for the uncluttered foraging guild and S. flaviventris (positive associations), whereas air pressure only was identified as the major predictor for the highly cluttered guild, C. jobensis (negative associations), and M. schreibersi and P. westralis (positive association). Humidity was not identified as a major predictor of bat activity in any of the more robust models. The total number of insects declined from a peak in April and remained relatively static from May to November (Fig. 6A) .
Yearly sampling.-No significant difference was found between years for either bat activity (F ¼ 1.18, P ¼ 0.57) or species richness (F ¼ 7.33, P ¼ 0.26). The number of recorded call passes for each site also was highly variable between years (Fig. 7) . No significant correlations were found between bat activity or species richness and temperature or insect abundance.
DISCUSSION
The overall hourly pattern of bat activity in the Top End, which featured a peak in bat activity in the 1-2 h immediately after dusk, is similar to that reported in previous studies (Kuenzi and Morrison 2003; O'Donnell 2000; Taylor and O'Neill 1988; ) . However, Taylor and O'Neill (1988) and Hayes (1997) identified a 2nd peak in bat activity before dawn that was not clearly evident in our 1st study (analysis of bat activity based on sites from across the Top End). However, a small peak did appear in our 2nd study (analysis of bats and insects from sites nearer to Darwin). It is unclear what caused this difference; however, we speculate that it was due to the different sampling periods of each study and contrasting seasonal effects. Sampling for our 2nd study was conducted throughout the year. Temperatures were relatively cool in the dry season (May-August), and this may have reduced overall bat activity. It is likely that bats return to diurnal roosting sites at various times throughout the night; however, a slight peak is still expected just before dawn as bats that are still foraging at this time return to roost sites. Sampling for our 1st study was conducted predominantly in the buildup (September-November) just before the monsoon season, when temperatures were relatively warm throughout the night and bat activity was higher. Similar bimodal peaks in activity have been recorded in the dry season for other tropical bat species (e.g., Pavey 1998; Pavey et al. 2001 ). In addition, previous studies (Hayes 1997; Kuenzi and Morrison 2003; O'Donnell 2000) have noted a high degree of seasonal variation in the nightly activity patterns of bats. We were unable to test this variation with our data.
Two species, P. adamsi and S. flaviventris, exhibited patterns of hourly activity that contrasted with that of all other species. P. adamsi was the only species with a peak in activity during the later part of the night (Fig. 1K ). This species may use gleaning as a foraging technique, therefore avoiding the need to capture insects in flight and instead capturing insects at rest on vegetation during the cooler part of the night. This is consistent with observations by McKenzie and Rolfe (1986) , who categorize the foraging zone of P. tenuis (now redescribed as P. adamsi and P. westralis) as close to surfaces of tree stands and canopies. S. flaviventris was active in the 1st half of the night and was almost inactive thereafter. Insect availability may have influenced this observed pattern because it is likely that S. flaviventris forages on high-flying insects (which were not sampled in this study). High-flying nocturnal insects are likely to be similar to other nocturnal insects in exhibiting the greatest peak of activity at twilight with activity dropping off during the remainder of the night until dawn (Jetz et al. 2003; Rautenbach et al. 1988) . Therefore, we suggest that in the case of a large, relatively unmaneuverable species such as S. flaviventris, it eventually becomes energetically inefficient to continue foraging after the initial peak in insect abundance because of a decline in encounter probability. examined bat activity (for all species combined and for individual species) in southeastern Australia, and the similarity in sampling methods with our study allows for comparisons to be made between the 2 regional bat faunas. Overall, relative activity throughout the night in southeastern Australia was similar to that in the Top End, although found bats were proportionately more active in the 1st hour after dusk. In both northern and southern areas, interspecific variation in activity patterns also was present, with a small number of species showing atypical activity rhythms.
The association between bat activity and lunar characteristics in the Top End is complex. When moon phase and moonlight were assessed independently of all other environmental and temporal factors, little or no association was found with microbat activity and moon phase, and a moderate association was found with moonlight. A similar conclusion has been drawn by several other studies that carried out univariate analyses of the relationship between lunar conditions and bat activity (Gaisler et al. 1998; Karlssön et al. 2002; Kuenzi and Morrison 2003; Negraeff and Brigham 1995) . However, in our study, GLM analysis revealed an interaction between moon phase and time of night as the main determinants of bat activity (Fig. 5) . This result is supported (in part) by the results of our moonlight analysis (Table 2) , which showed that bat activity varies not with moonlight alone, but according to a combination of time of night and moonlight. Other studies also have shown that moonlight alone is not related to bat activity, but when assessed with multivariate analysis techniques, the authors found that bats were affected to some degree (Erickson and West 2002; Hayes 1997; Hecker and Brigham 1999) .
Bats within each of the foraging guilds are exposed to different levels of moonlight as a consequence of the shading effects of vegetation; therefore, guilds might be expected to exhibit different responses to moonlight. To examine this aspect we used the same data from the moonlight analysis and classified call passes into foraging guilds (Milne et al. 2004) and applied the same chi-square analysis to each separate guild. The highly cluttered guild contained insufficient data for meaningful analysis and was not examined. For the uncluttered guild, the total number of call passes was significantly higher during dark periods compared with light periods (v 2 ¼ 12.3, P , 0.001), whereas no significant difference was found for the background clutter guild (v 2 ¼ 0.0, P ¼ 1.0). Therefore, the shading effects of vegetation appear to influence responses of at least some microbats during periods of moonlight. However, sample sizes for light periods were relatively small for both the uncluttered (total number of call passes ¼ 191) and background clutter (total number of call passes ¼ 517) guilds and the number of call passes for each foraging guild was highly variable throughout the night.
We express caution when interpreting our nightly results based on data recorded from just 1 site. Much more variation occurred in the activity of bats at site 2 than at site 1 (Fig. 4) , although we had inadequate data from site 2 for statistical analysis. In addition, the minimum adequate model (for the relationship between bat activity, moon phase, and weather) was moderately weak (15% of the deviance captured), suggesting either a high degree of variation in the data or that the model was dependent on other variables not quantified here.
One of the most striking results of this temporal study of microbats was the dramatic relative increase in bat activity recorded for October during the monthly assessment. This increase was solely a result of activity within the uncluttered foraging guild (Fig. 6 ). The increase in activity in October did not appear to be related to insect availability and can be only partially related to temperature, air pressure, or both. October is the peak of the buildup when temperature and humidity reach their highest annual levels and rainstorms begin, before the tropical wet season. It is possible that this relatively abrupt series of changes in weather conditions at this time of year triggers an increase in bat activity, possibly as a result of reproductive activity. Little information is available on the reproductive biology of microbats in the Top End; however, we noted that captured individual bats from several species (from across the Top End) were pregnant, lactating, or had suckling young at this time. Therefore, bats may have increased their foraging activity to compensate for the increased energy demands during this time (Barclay 1989; Kuenzi and Morrison 2003) . Alternatively there may have been a sudden influx of volant young into the population.
We recorded an unexpected inverse relationship between monthly activity levels of species within the uncluttered and highly cluttered foraging guilds (r s ¼ À0.449). When activity for the uncluttered guild was highest in October, no bats from the highly cluttered guild were detected, and when activity for the highly cluttered guild was highest in December to March, bats from the uncluttered guild were almost absent. At our study sites, bats of the highly cluttered guild were all from the genus Nyctophilus and the overall activity of bats from the uncluttered guild was relatively low.
Assessments of bat activity elsewhere over the course of a year are limited. Brigham and Geiser (1998) found that trapped relatively high numbers of bats during the warmest months (October-March) and very few bats during winter (although no trapping was conducted during July and August). The most detailed assessment is provided by Sanderson and Kirkley (1998) , who used AnaBat detectors in South Australia. Like the Victorian study (also in temperate Australia), they found bat activity was highest in the warmest months (November-February) and reduced in the coldest months (May-July). In the Top End, we identified a single peak in activity in October and slightly elevated activity levels in September and November. We recorded bat activity across all months of the year, and bat activity was at moderate levels (mean ¼ 70 call passes/night) even during the quietest period in December-August. We did not record high levels of bat activity persisting through the warmest months of the year, as observed in the studies in temperate Australia. Studies of the effect of insect availability on bat activity have shown variable results (Hayes 1997; Kuenzi and Morrison 2003; O'Donnell 2000; Rydell et al. 1996) . In our study, we identified only limited associations between bats and insect availability; however, insect activity can be influenced by several factors (e.g., temperature, humidity, wind velocity, barometric pressure, lunar influences, breeding cycles, and vegetation flowering and fruiting events). Therefore, we were unable to define a clear causal link between insect availability and bat activity. Further, carefully targeted studies are required that take into account all possible influences on bat and insect activity.
A high degree of variation was found in bat activity between samples across all temporal scales. For example, at our nightly sampling sites the total number of call passes recorded between consecutive nights varied up to 131% ( X 29%) at site 1 and 252% ( X 60%) at site 2. High levels of variation in bat activity also have been identified in previous studies (Hayes 1997; Kuenzi and Morrison 2003) . This has significant implications for surveying bats using echolocation recording techniques. These implications are discussed in detail by Hayes (1997) , who makes the following key points: Accurate and precise measures of bat activity will only be obtained by using intensive sampling efforts; sampling designs need to account for temporal variation; and statistical tests comparing activity between sites are likely to have poor statistical power to detect small differences in activity.
Our study shows that bat activity can be highly variable across a range of temporal scales and further detailed work is required to derive species-time curves, to determine the effects of spatial variation, and to conduct more detailed investigations into the interactions between prey availability and bat activity. Based on the information collected here we make the following recommendations for sampling bats within areas less than 1 ha in size: Sampling to inventory species should be conducted over at least 2 entire nights. Sampling to measure bat activity should be conducted over at least 5 entire nights. When establishing longer-term activity-monitoring programs, nightly variation at the particular site should be ascertained to determine the optimum sampling period. Caution must be taken when comparing samples collected during the buildup to the monsoon season (September-November) with samples collected at other times of the year. Temporal variation differs between species; therefore, when assessing individual species, sampling methods should take into account the temporal variation of the species concerned.
Time periods should be extended if sampling is affected by adverse weather conditions and provision also should be given for the physical nature of the sampling area (e.g., in areas of dense vegetation where echolocation call signals might be impeded, sampling periods also should be extended). We consider that these recommendations are broadly applicable to tropical savanna woodlands in the Old World, although similar studies assessing the temporal patterns of bats elsewhere in this region would be useful to confirm this suggestion.
